Abstract. Acceleration of glycolysis is a characteristic of neoplasia. Previous studies have shown that a metabolic shift occurs in many tumors and correlates with a negative prognosis. The present study aimed to investigate the glycolytic profile of thyroid carcinoma cell lines. We investigated glycolytic and oxidative parameters of two thyroid carcinoma papillary cell lines (BCPAP and TPC1) and the non-tumor cell line NTHY-ori. All carcinoma cell lines showed higher rates of glycolysis efficiency, when compared to NTHY-ori, as assessed by a higher rate of glucose consumption and lactate production. The BCPAP cell line presented higher rates of growth, as well as elevated intracellular ATP levels, compared to the TPC1 and NTHY-ori cells. We found that glycolysis and activities of pentose phosphate pathway (PPP) regulatory enzymes were significantly different among the carcinoma cell lines, particularly in the mitochondrial hexokinase (HK) activity which was higher in the BCPAP cells than that in the TPC1 cell line which showed a balanced distribution of HK activity between cytoplasmic and mitochondrial subcellular localizations. However, TPC1 had higher levels of glucose-6-phosphate dehydrogenase activity, suggesting that the PPP is elevated in this cell type. Using high resolution respirometry, we observed that the Warburg effect was present in the BCPAP and TPC1 cells, characterized by low oxygen consumption and high reactive oxygen species production. Overall, these results indicate that both thyroid papillary carcinoma cell lines showed a glycolytic profile. Of note, BCPAP cells presented some relevant differences in cell metabolism compared to TPC1 cells, mainly related to higher mitochondrial-associated HK activity.
Introduction
Thyroid carcinoma is the most common malignancy of the endocrine system and is one of the human cancers with the most rapidly increasing prevalence in many countries (1, 2) . Although the majority of thyroid cancer patients have an excellent outcome, in approximately 10% of patients with well-differentiated thyroid cancer, the ability to respond to radioiodine therapy is lost and poorly differentiated or undifferentiated tumors lead to recurrent disease and death (3, 4) . The most common thyroid cancer is papillary thyroid carcinoma (PTC) which is classified as a well-differentiated carcinoma and is often curable by the combination of surgery and radioiodine ablation (3) (4) (5) (6) . However, intense cell progression and aggressive spread of the tumor occur in some patients, leading to loss of the ability to uptake iodine. Thus, in these cases of advanced differentiated thyroid carcinoma, the use of new effective therapeutic strategies is a dilemma (6, 7) .
Recent studies have shown that molecular alterations at signaling pathways, such as RAS, RAF and mitogen-activated protein kinase (MAPK) are involved in the thyroid neoplastic process (8) (9) (10) (11) . Furthermore, previous studies have shown that in thyroid cancer, tumor progression is accompanied by increased glucose uptake as detected by 18 F-fluorodeoxyglucose positron emission tomography ( 18 F-FDG PET) and decreased radioiodide uptake ability (12) . In general, transformed cells have altered energy metabolism (13) (14) (15) (16) (17) , since in these cells glycolysis is not inhibited in the presence of oxygen. At the beginning of the last century, Warburg reported that cancer cells are able to convert glucose into lactate, even in the presence of oxygen. This phenomenon was called aerobic glycolysis or the 'Warburg effect' (13, 14, 18) . In the following years, it has been shown that in addition to higher glycolytic flux, there is an increased expression of glucose transporters (GLUTs), in parallel with a reduction in oxidative metabolism (13) (14) (15) (16) (17) (18) (19) (20) established, the adaptive mechanisms that lead to decreased oxidative metabolism in cancer cells remain obscure in many carcinoma models. These features indicate the need to specifically study the metabolic profile of this thyroid tumor type. Few studies have evaluated energy metabolism directly as related to the process of tumorigenesis, although they represent an interesting model of tumor spectra with differing prognoses. Recently, our group demonstrated that thyroid iodide and glucose uptakes are influenced by the energy 'fuel gauge' AMP-activated protein kinase (AMPK) signaling pathway (7) . Indeed disruption of cellular energy metabolism is considered a hallmark of cancer in several tumor lineages (18) . To our knowledge, however, no study has evaluated tumor cell metabolism behavior in different thyroid cancer cell lineages. In this regard, in the present study we aimed to analyze the metabolic profiles and the activity of key glycolytic enzymes in two thyroid carcinoma cell lines and in one non-tumor human thyroid cell line. Our results strongly suggest that the differences in the glycolytic profile found in these cell lines may explain, at least in part, their different growth rates, which may in turn be associated with more aggressive phenotypes.
Materials and methods
Reagents. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), glucose, 2-deoxyglucose (2-DOG), nicotinamide adenine dinucleotide phosphate (NADP + ), oligomycin (Olig), glucose-6-phosphate dehydrogenase (G6PDH) kit, ATP kit and lactate kit were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Glucox 500 reagent from Doles Reagentes (Goiânia, Goiás, Brazil). All other chemicals were of the highest grade available. Polyvinylidene difluoride (PVDF) membranes were provided by Bio-Rad (Hercules, CA USA) and Millipore (Billerica, MA, USA). Specific antibody against GLUT1 (1:1,000) was from Abcam (Cambridge, MA, USA), and against hexokinase I (HKI) (1:1,000) and HKII (1:1,000) were both purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Cell culture medium Dulbecco's modified Eagle's medium (DMEM) and RPMI-1640 were provided by HiMedia Laboratories (Curitida, Brazil) and fetal bovine serum from Invitrogen Life Technologies (Carlsbad, CA, USA).
Cell culture. Human PTC cells (BCPAP and TPC1) and NTHY-ori cell lineages were generous gifts from Dr Corinne Dupuy, (Institut Gustave Roussy, Paris, France). Cells were cultivated in DMEM (BCPAP and TPC1) and RPMI (NTHY), supplemented with 10% bovine serum medium, and maintained at 37˚C in 5% CO 2 .
Cell viability. The MTT assay was used to test cell viability in three different experiments. First, we measured the cell viability after 6, 24, 48 and 72 h under a baseline condition. Then, we tested the cytotoxicity after treatment with Olig. In this case, the cells were grown in medium until 80% confluence was achieved. The medium was removed and fresh medium containing 2 µg/ml Olig was added for 2 or 24 h. Also, after the cells achieved confluence, the medium was removed and fresh medium containing 2 mM of 2-DOG was added to the medium for 24 h.
Total mRNA extraction and quantitative RT-PCR. Immediately after treatment, total RNA was extracted using the RNeasy Plus Mini kit (qiagen Sciences Inc., Germantown, MD, USA) following the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using a high-capacity reverse transcriptase kit (Applied Biosystems Inc., Carlsbad, CA, USA). The specific forward and reverse primers are presented in Table I and were designed to span introns and avoid detection of genomic DNA contamination. Real-time amplifications were carried out using ABI Prism 7500 equipment (Applied Biosystems, Invitrogen Life Technologies, São Paulo, Brazil). The amplification reactions were performed in 96-well plates in 12 µl final volume that contained 3 µl cDNA (diluted 1:100), 7.5 µl of SYBR Master Mix (Applied Biosystems, Invitrogen Life Technologies), and 150 nM of each forward and reverse primers. The amplification program consisted of 55˚C for Glucose consumption and lactate production. Glucose uptake was measured as previously described (20) . Cells were cultivated in 6-well plates. After confluence, the cells were washed twice, and glucose (1 mM) was added to the PBS saline solution. Aliquots of the incubation medium were collected each 5 min and transferred to 96-well plates. After 60 min, the glucose concentrations in the samples were analyzed by colorimetric methods (20) . The specific glucose uptake was corrected by protein concentration that was evaluated using the BCA protein assay kit (Pierce, Thermo Scientific Fisher, Waltham, MA, USA). Lactate production was recorded using the same cell pool. Cells were lysed and the lactate content was measured by procedures according to the instructions provided by the kit (Sigma Chemical Co.).
ATP content. Cells were cultivated in 12-well plates. After 80% confluence, the medium was removed, and the cells were washed twice, processed using a luciferin-luciferase bioluminescence assay according to the instructions provide by the ADP/ATP ratio assay kit (MAK 135; Sigma Chemical Co.). In the presence of luciferase, ATP immediately reacts with the substrate D-luciferin to produce light. The light intensity is a direct measure of the intracellular ATP concentration.
Western blot analysis. GLUT1, HK1 and HK2 levels were analyzed after lysis of the cells in a buffer [0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 0.1% SDS, 0.5% deoxicolic acid, 5 mM MgCl 2 , Triton 1%, 1 mM PMSF, 1 mM NaF, 1 mM Na 3 vO 4 , 1 M leupeptin and 1 M pepstatin]. Subsequently, the samples were centrifuged and then the supernatant was collected. An aliquot was used to determine the concentration of protein by the BCA protein assay kit. Fifty micrograms of protein were then resolved on SDS-PAGE gels, transferred to PvDF membranes, and probed with the indicated primary antibodies. We used a β-actin antibody (1:8,000) from Sigma-Aldrich as the loading control. The detection of proteins was performed by chemiluminescence (ECL; Pierce, Thermo Scientific Fisher) following densitometric analysis.
HK activity. Initially, we measured cellular viability by trypan blue and corrected the sample to 10 5 cells. The cells were suspended in lysis buffer [0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 0.1% SDS, 0.5% deoxicolic acid, 5 mM MgCl 2, Triton 1%, 1 mM PMSF, 1 mM NaF, 1 mM Na 3 vO 4 ] and HK activity was assayed as previously described (7). Blanks with none of the coupled enzymes were performed to control for non-specific oxidation/reduction. For mitochondrial HK fraction assay, the homogenates were centrifuged at 10,000 x g to separate the soluble fraction of HK (total cell extracted) from the particulate fraction (mitochondrial fraction). The HK activity was measured in each cell fraction.
Glucose-6-phosphate content and G6PDH activity. To measure the glucose-6-phosphate (G6P) amount, cells were corrected to 10 5 cells and suspended in lysis buffer [0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 0.1% SDS, 0.5% deoxycolic acid, 5 mM MgCl 2 , Triton 1%, 1 mM PMSF, 1 mM NaF, 1 mM Na 3 vO 4 ]. The reaction medium contained 50 mM Tris-HCl, pH 8.0, 0.5 mM NADP + and 0.2 U/ml G6PDH. Reduction of NADP + was followed by measuring the absorbance at 340 nm in a microplate reader (victor 4 xR; Perkin-Elmer Inc., Waltham, MA, USA). To measure G6PDH activity, cells were corrected to 1x10 5 cells and suspended in lysis buffer following the instructions of the G6PDH kit assay (Sigma Chemical Co.) measuring the absorbance at 340 nm in a microplate reader (victor 4 xR; Perkin-Elmer Inc., São Paulo, Brazil).
Pyruvate kinase activity. Samples (10 5 cells) were suspended in lysis buffer [0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 0.1% SDS, 0.5% deoxicolic acid, 5 mM MgCl 2 , Triton 1%, 1 mM PMSF, 1 mM NaF, 1 mM Na 3 vO 4 ] and pyruvate kinase (PK) assay was recorded using the PK kit (Sigma Chemical Co.) measuring the absorbance at 340 nm in a microplate reader (victor 4 xR; Perkin-Elmer Inc.).
Oxygen consumption. The assay was performed with intact cells (10 6 cells/ml) in culture medium and oxygen consumption rates were measured polarographically using high-resolution respirometry (Oroboros Oxygraph -O 2 K; Oroboros Instruments, Innsbruck, Austria). Assay was started by adding cells in the closed (2 ml) respirometer chamber, and the basal respiration status of the different cell lines was collected. Immediately, we added Olig (1 µg/ml), to acquire the oxygen consumption coupled to ATP synthesis calculated by basal O 2 consumption -Olig O 2 consumption. Finally, we add a selective inhibitor form complex Iv (KCN 1 mM) to completely block mitochondrial respiration called the residual oxygen consumption.
ROS production. The levels of intracellular ROS were measured using a reactive oxygen species assay kit (Applygen Technologies, Inc., Beijing, China). Briefly, the intracellular formation of ROS in the TPC1 and BCPAP cells was determined using 2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA) molecular probes. DCFH-DA is a membrane-permeable indicator of ROS levels and the reaction between these probes and intracellular ROS yields the fluorescent molecule DCF, which may be used as an indicator of intracellular ROS levels. Cells were washed with PBS and loaded with 10 µM DCFH-DA in serum-free DMEM without phenol red in the dark for 30 min at 37̊C. The excess dye was flushed off and the cells were suspended in serum-free DMEM. Fluorescence intensity was quantified using a BD FACSVantage™ SE (BD Biosciences, Franklin Lakes, NJ, USA).
Statistical analysis. Statistical analyses were performed using GraphPad Software, Inc. (San Diego, CA, USA), and the tests were as follows: Student's t-test or one-way analysis of variance (ANOvA) followed by the Bonferroni multiple comparison test, as described in the figure legends. The level of significance was set at p<0.05.
Results
Cell growth pattern and glycolytic capacity among thyroid carcinoma cell lines. In attempt to described differences in energy behavior between thyroid carcinoma cell lineages, we analyzed the cell growth rate and glycolic capacity of all cells (Fig. 1 ). BCPAP showed a higher cell growth rate different from TPC1 after 48 h (Fig. 1A) . Both TPC1 and the non-tumor cell line NTHY-ori exhibited the same growth rate (Fig. 1B) . The glucose uptake of tumor cell lines was 2-to 3.5-fold higher than the uptake found in non-tumor cells. The lactate production was also much higher in the BCPAP and TPC1 cell lines when compared to the NTHY-ori cells (Fig. 1C) . These data suggest that thyroid carcinoma cell lines show a high ability to convert glucose into lactate (glycolytic efficiency), an important phenomenon possibly involved in tumor survival.
Expression of different glycolytic enzymes and protein expression pattern.
To investigate the mechanisms involved in the differences found in the metabolism of these cell lines, we analyzed the mRNA expression and levels of proteins involved in the glycolytic flux. As shown in Fig. 2A , we observed that Glut1 mRNA and protein levels were more highly expressed in both carcinoma cell lines than these levels in the NTHY-ori cells. Moreover, the protein levels of HK1 and HK2 isoforms were more highly expressed in the cancer cell lines (Fig. 2B and C) in the same way as gene expression of other glycolytic targets such as PKM1 and PKM2.
Glycolytic enzyme activity patterns in the thyroid carcinoma cell lines. According to previous results, we analyzed the activity of specific regulatory enzymes of glycolysis and the pentose phosphate pathway (PPP). As shown in Fig. 3A , we observed a higher HK activity pattern in the BCPAP and TPC1 cell lines compared to this pattern in the NTHY-ori cells. However, the amount of G6P in the BCPAP cell line was lower than that in the TPC1 cells, indicating a difference in the use of this substrate (Fig. 3B) . As G6P is consumed by both glycolysis and PPP, we evaluated the G6PDH activity, the limiting step enzyme of PPP. Although, the mRNA levels of G6PDH did not differ among all thyroid cell lines (data not shown), we observed a higher G6PDH activity in the TPC1 cells but not in the BCPAP cells (Fig. 3C) . Adding to these, we evaluated the PK activity and our results showed that BCPAP and TPC1 differ from each other in PK activity (Fig. 3D) .
The activity and cell localization of HK. In Fig. 3A , the HK activity was the same in both thyroid carcinoma cell lines. Nevertheless, their activity was different when we analyzed the specific cell fraction (cytosolic and mitochondrial fractions). In an attempt to evaluate the degree of HK bound to mitochondria, we observed that BCPAP cells had >90% of total HK activity present in the mitochondrial fraction, while NTHY-ori and TPC1 cells had equally distributed HK activity in both cytosolic and mitochondrial fractions (Fig. 3E) . 
Characterization of different metabolic pathways for ATP generation.
Since our results indicated a high glycolytic potential in these tumor cell lineages, we then evaluated the contribution of the different metabolic pathways for ATP generation in these cells. First, we showed that high levels of ATP and ADP were found in the BCPAP and TPC1 cells in comparison to the NTHY cells (Fig. 4A) . Second, we incubated all cells with Olig C, an inhibitor of ATP-synthase complex v of mitochondria electron transport chain, for 2 h. The ATP and ADP levels were reduced following treatment with Olig (Fig. 4A) . Moreover, only the NTHY and TPC1 cells showed a modulation of the ADP/ATP ratio in the presence of Olig, suggesting a dependency of mitochondrial oxidative metabolism for ATP generation in TPC1 and non-tumoral NTHY-ori cells (Fig. 4B) . On the other hand, Olig treatment caused no modulation in the ADP/ATP content and lactate production in the BCPAP cell line. Yet, the TPC1 cell line showed an increase in lactate production after 24 h in the presence of Olig (Fig. 4C and D) . To assess the importance of mitochondrial ATP production to cell viability, we treated the cells with Olig for 24 h or 2-DOG, an inhibitor of glycolytic flux. No differences in cell viability were observed after 24 h of Olig treatment (Fig. 4E) although we found an increase in lactate production in the TPC1 cells at 24 h (Fig. 4D) . However, when we inhibited the glycolysis pathway using 2 mM of 2-DOG, we observed a decreased in cell viability after 24 h of incubation in all cell lineages but the effect was more severe in the BCPAP cells when compared with this effect in the TPC1 cells (Fig. 4E) .
The Warburg effect is present in PTC cell lines.
The above results indicated that the PTC cells are very different. Because of this finding, we evaluated the oxidative profile in all thyroid cell lines. Baseline oxygen consumption in the BCPAP cells was lower than that in the TPC1 cells (Fig. 5A) . However, both cell lines showed lower oxygen consumption coupled to ATP production acquired after treatment with Olig (2 µg/ml) (Fig. 5B) . These results suggest that these cells could redirect the oxygen to another metabolic pathway. Analysis of residual oxygen, after inhibition of oxidative phosphorylation in tumor cells by KCN (2 mM) showed high residual oxygen consumption by both PTC cells (Fig. 5C) . Using a fluorescence probe, we observed that BCPAP and TPC1 cells produced high ROS levels. Moreover, the ROS production by the BCPAP cell line was higher than that noted in the TPC1 cells (Fig. 5D ).
Discussion
Although DTC (differentiated thyroid carcinomas) are slow growing tumors with good prognostics, cellular dedifferentiation is present in 20-30% of cases, and is usually accompanied by more aggressive growth, metastatic spread and loss of iodide uptake ability. Cancer growth is a complex process depending on several biological factors, such as the chemical microenvironment of the tumor, its proliferation rate and the cellular metabolic profile. Over the past years, the bioenergetic capacities of tumor cells have been the target of intensive research since many tumors have higher glycolytic rates compared to normal cells (13, 18, (20) (21) (22) (23) . As a result, there is a great interest in a better understanding of the cellular mechanisms by which tumor progression and cellular dedifferentiation occur. Here, we compared the glycolytic parameters in two different cell lines derived from thyroid carcinomas of follicular origin. The TPC1 and BCPAP cells are derived from PTCs, which are responsible for 80-90% of all thyroid malignancies. Although BCPAP and TPC1 cells are derived from the same type of thyroid carcinoma, they show distinct genetic alterations. TPC1 cells show the RET/PTC translocations found in 13-43% of PTCs, which produces constitutive activation of the MAPK pathway (8, 9) . BCPAP cells present a BRAF v600E mutation, which is a constitutively active serine-threonine kinase that activates MEK1 and MEK2 in the MAPK pathway. This mutation is present in 20-70% of papillary carcinomas (8) .
Several studies comparing the glycolytic parameters between tumor and non-tumor cells have demonstrated that the Warburg effect is positively correlated with aggressive behavior, especially in highly proliferative cells (16, 17, (20) (21) (22) (23) (24) (25) . Using these thyroid cancer cell lineages, we confirmed this hypothesis, since TPC1 and BCPAP cells presented higher glycolytic efficiency acquired by glucose consumption and lactate production (Fig. 1) . Furthermore, the BCPAP cell line has rapid growth rates, representing the typical tumor characteristic. Notably, the TPC1 cell line has the same type of cell adaptations in the glycolytic parameters analyzed, but a lower growth rate when compared to the other thyroid tumor cell types. These results suggest that the differences in glucose metabolism found in tumor cells are not necessarily a consequence of their higher growth rate.
High levels of GLUT1 expression in all cell lineages were observed, which contributed to the elevated glucose uptake and utilization by these cells (Fig. 2) . In non-tumor cells, the glycolysis pathway appears to be insufficient to maintain the adequate ATP production rate, since it produces only 2 mol of ATP per mole of glucose (13) (14) (15) . These cells are usually dependent on metabolic processes that require the oxygen molecule to produce ATP and maintain cell energy demand. Curiously, cancer cells develop a partial anaerobic ability, and thus do not require oxygen for survival despite their fast growth rate (15) . According to Gonzalez et al (15) , this cancer characteristic shifts differentiation to dedifferentiation and proliferative state and some evidence indicates that aerobic glycolysis is closely associated with tumorigenesis and plays an important role in cancer development or malignant characteristics (4, 5, 15) . Our study used models of two well-differentiated cancer cell lines. Both cell lines had a higher aerobic glycolysis rate, in accordance with previous findings (13) (14) (15) (16) . Moreover, TPC1 and BCPAP cells had distinct oxidative metabolisms. Both TPC1 and BCPAP showed lower oxygen consumption ATP-coupled (Fig. 5B) , indicating that the oxygen consumption of these cells did not drive ATP synthesis. This result could explain the strong inhibitory effect of Olig on ATP levels (Fig. 4A ). Yet it is necessary to reinforce that the cell viability 24 h after Olig was not altered in any cells tested. However, the BCPAP cell line was strongly affected by glycolysis inhibition (Fig. 4E) , featuring a predominantly glycolytic behavior. Altogether, these results confirm that the phenomenon described by Warburg is also present in thyroid carcinoma cell lineages, no matter the degree of cell differentiation. However, the TPC1 cell line had a slow growth rate and was dependent on mitochondria for adequate ATP production and survival, despite the higher glycolytic efficiency. On the other hand, BCPAP cells had a high glycolytic efficiency, fast growth rate and were independent of mitochondria for ATP production and survival ( Figs. 1 and 4) .
Our results also demonstrated that mitochondria were functional in all of the cell types studied. When we used ATP-synthase complex v inhibitor for 2 h, there was a considerable reduction in intracellular ATP levels in all thyroid carcinoma cells. However, the cells were able to reverse the impact exerted by Olig on ATP production after 24 h (data not shown). On the other hand, an opposite effect was observed when we used 2-DOG, an inhibitor of glycolysis (Fig. 4) . These results demonstrated that although mitochondrial activity exerted a great influence on cell metabolism, BCPAP cell metabolism was predominantly anaerobic and dependent on the glycolytic phenotype to survive. The TPC1 cells had a predominant mitochondrial dependency to maintain ATP production and their energy status necessary for cell viability. Notably, the TPC1 cell line showed both a glycolytic phenotype and a similar oxidative metabolism. This behavior suggests that TPC1 cells have an intermediate metabolic status, which may explain the less aggressive behavior of these cells. TPC1 cells may have metabolic similarity with normal cells which may contribute to increased resistance to death under stress situations. Chen et al (25) demonstrated that breast cancer cells improve their mitochondrial respiratory rate to increase energy production during metastatic processes in vivo. vander Heiden et al (18) also described this metabolic phenotype shared with nonmalignant proliferative cells. Furthermore, there is evidence that some solid tumors are able to retain their oxidative capacities, reverting the aerobic glycolysis (12, (24) (25) (26) (27) .
In thyroid tumors, evidence indicates that mito chondrial activities are connected with carcinogenesis, especially in regards to mitochondrial dysfunction (24, 26, 27) . Other mitochondrial functions are also implicated in cell differentiation, in calcium homeostasis, in the production of ROS and regulation of cell death pathways (28, 29) . In this context, BCPAP and TPC1 cells showed a relationship between glycolytic profiles and ROS production. There are several glycolytic enzymes related to cell survival by mechanisms that involve mitochondrial activity (8,18,24,25) . Here, we showed HK activity in all cell lineages. HK is considered as a marker of progression and tumor aggressiveness (23, 30, 31) , and its activation is implicated in maintaining levels of intracellular ATP and suppression of apoptosis (32, 34) . Although there are four HK isoforms, only HK2 seems to be overexpressed in cancer cells (34) . Our results demonstrated that expression of both HK2 and HK1 isoforms was upregulated in the thyroid carcinoma cell lines likewise the specific enzymatic activity in these cells (Figs. 2 and 3) , as has been demonstrated in human breast and colorectal cancers (32, 33) .
HK2 has high affinity for glucose and harbors two catalytic domains that both retain their catalytic activity. In addition, this isoform has an N-terminal domain that allows it to bind to the voltage-dependent anion channel (vDAC), located in the mitochondrial outer membrane. HK2 translocation from the cytoplasm and its binding to the outer mitochondrial membrane produces a complex protein that inhibits apoptosis by preventing the recruitment of pro-apoptotic proteins, such as Bax (34) . In addition, HK association to mitochondria exerts a positive regulation on mitochondrial transition pore permeability, limiting the production of ROS and cell death (34) .
We thus investigated HK activity in the cytosolic and mitochondrial fraction in thyroid carcinoma cells. The TPC1 cell line has an equal distribution of HK activity in these subcellular fractions different than what we found in the BCPAP carcinoma cells (Fig. 3E) . These data suggest that HK associated to mitochondria is upregulated in thyroid carcinoma cells and this mechanism may be involved in glycolysis activation and a fast growth rate.
Hanahan and Weinberg (21) proposed that cancer cells show a reprogramming of metabolic pathways and another glycolytic enzyme that has been studied is PK. Mazurek (35) reported that cancer cells gradually lose the PKM1 isoform and replace it by PKM2. For this reason, PKM2 as well as HK, is considered a link between oncogenes and reprogramming metabolism (30, 35) . Our results showed that thyroid carcinomas cells had enhanced expression of PKM2 mRNA but not PKM1 mRNA (Fig. 2) . Yet, the PK activity in BCPAP cells was higher compared to that noted in the TPC1 cells (Fig. 3) . The role of PKM2 in cancer metabolism is to drive the precursors originated during glycolysis to the synthesis of macromolecules and to produce redox potential such as NADPH molecules by PPP.
As far as we are concerned, the mechanisms related to these metabolic changes and the strategies to ensure cell growth and survival, have not yet been unraveled. The literature suggests that the AMPK pathway may play a role in the metabolic changes observed in cancer cells (6, 27, 29, 36, 37) . AMPK activation has been presented in response to microenvironment energy stress and increased energy consumption in proliferating tumor cells (36) . Recently, we demonstrated that AMPK is overexpressed in human PTCs and the cancer cell lines BCPAP and TPC1 have constitutively higher p-AMPK expression than the non-tumor-derived thyroid cell line NTHY-Ori (38) . Thus, corroborating Faubert et al (37) , our results suggest a possible involvement of AMPK in the cellular phenotype found in our research (38) .
In conclusion, the metabolic shift described by Warburg in several cancer models was present in the BCPAP and TPC1 cell lines analyzed in our study. However, there were important differences between the PTC cell lines. Better understanding of the mechanisms involved in this glycolytic phenotype, demonstrated here for the first time, as well as the changes observed in mitochondrial metabolism, could elucidate new therapeutic perspectives for these distinct cell types.
